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ABSTRACT

Investigations of the systems CaO-TiOa-Sioe,
and BaO-TiOe are nearing completion. The presence of
immiscible liquids in the former system appears to cover
a large area of the diagram and extend to the binary
system T102-8102. A fifth barium titanate - BaO.2T102-
has been confirmed and its properties recorded, it appears
to have a stability minimum at 1260°C.

Investigations of the system BaO-TiOa-HQO provide
information on the possibilities of hydrothermal growth
of Ba'l‘iO3 crystals. Essentially complete p-t curves
describing the egquillibrium in the system In203-H20 have
been obtained ,and preliminary data in une sysiem 50203-H20
fail to show agreement with earlier work. The application
of infra-red spectra and single crystal electron diffraction
techniques to certain relevant problems is being explored.
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I. FACTUAL DATA
A. Equipment

No significant additions have been made tc the equip-
ment during this period. The high frequency "Ordway" tyre
furnace was rot used as extensively during this quarter as
we hope to use 1t in the future. No satisfactory evaluaticn
of the possibilities con therefore be given at present. How-
ever, one of the chlef difficulties wilth cur present design
(which may not have becn present in Ordway's original) is the
fact there there 1s no contrcl on the cold Jjunction tempera-
ture. In our furnace the thermccouple 1s attached directly
to brass leads. Calibration with known materials does rot
soive this problcm since each small tnermoccuple-resistor
vombination differs slightly and, mcreover, the heating of
the brass terminals 1s very largely a function of time. The
solution of this problem 1s to introduce neavy leads, one of
platinum and one of platinum -10% rhodium of sufficilent
length to prevent the heating of the remote end, or to permit
its introduction into an ice-bath.

Some investigations have been started of the infrared
spectra of cértain of the phases encountered, using a Perkin-
Elmer Model 12C instrument. The detalls regarding experi-
nental techniques are given in the relevant section. Our
differential thermal analyses have been partly repeated with
much greater success using diifferent equipment. It was
mentioned in earlier reporte that at temperatures above
about 1250°-1300°C recording of the differential temperature
by means of an electronic recorder was extremely difficult
in cases where high sensitivity was desirable. This has
been noted by all the workers in this field (Jaeger in 1929(1)
ascribed it to the electron emission from the heated matzl
and subsequent conduction through the hot refractecry). 'V - -
ever, & well-damped ordinery dVArsonval gelvencmeter does
not respond to these extraneous currents, and moreover
increasing the sensitivity does not require any sensitive
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electronic circuits but rather a simple extension cf the
optical lever. The tedious part of taking numerous galvan-
ometer readings (cr of having to use a photographic method)
may be eliminated by using a divided photoceli* attached to .
an ordinary Brown recorder as shown by Keith and Tuttle(e).

The rest of the equipment was the same as previcusly described,

all the thermocouple leads being shielded.
B. Results

(1) The System Ra0-T10,

In an attempt to complete the work on the system
BaO-TiO2 all the irvarviant pcints were checked as far as
possible with the cuenching furnace tachinlque. =Zspecilal
attention was paili to three general guesticns: (1) Thne
nature of the effecet of additicnz of Bz arnd TiO2 to the
hexagonal-cubhic transition, (2) The congruent cr incongruent
melting of BaO.4TiG,, (3) The question of the existence of
the compound BaO.2T102. Fig. 1 shows the general .area of
the diagram studied an?! some of the runs made; all the
samples have been subsequently examined mi~roscopically and
by X-ray diffraction patterns.

(a). The Cubic-Hexazonal BaTi0, Transition. The

) 3
equllibrium temperature we have a2ssigned to this invercion 1s

1460°C. Very long runs show that this temperature is not
apprecisably affected by the addition of 3a0, i.e., the inver-
sion temperature remains consitan® in tre two-phase region
BaT103 + BaeTiou. The phase changes on the high titania side
of BaT103 appear to be ccnsistent wlth our earlier presenta-
tion of the diagram, and here the question of the composition
of the solid phase fcrmed ariees again. It has been claimed
that hexagonal barium titanate could be made from mixtures In

* we are indebted to Prof. M. L. Xcith for the use of the

recording mechanism dsscribed atove.
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the system BaT103-(Na2003 + K2003), although precise tempera-
tures and compositions were not given- ' . with mixtures of
10-20 mol % BaT103 we have indeed been able to obtain a few
euhedral crystals of the he:iizgcnal phase on cooliag f:om
1350°C to 900°C. This would indicate ore of two things:
either these crystals are growlng metastably - a very commin
occurrence with similar substances - or the inverclion temreca-
ture is lowered by solid solution in a manner similar to that
cau3ding the inversion temperature to te raised in tnhe system
BaO-TiOQ. The latter possibility is of considerable importance
ir these crystals have been used for further study. The
important conclusion which may perhaps be drawn by analogy
from the BaO«Tio? ¢3tem 1s that 1t would rejuilre only a very
few percent of the foreign ion to alter the irversion tempera-
ture by 100°-2C00°C. Furthermcore, with reference to the
equilibrium diagram il should be remenbered that not all
observations are made at equilibrium and many data will be in
apparent conflict with the diagram as presented here. Thus

we have among our own data a large number of runs which c¢7.
only be explained by assuming non-equiilbrium conditions. The
diagram presented is that which is in best accord with the
facts, and which with reasonable assumptions can explain the
behavior of all melts in this system.

One examole will suffice to illustrate this. If a
platinum crucible full o barlium retatitanate is melted in the
gas furnace and extracted rapidly at a temperature of say 1700°C
and '"quenched" in water, one would expect to find hexagonal
barium titanate as the phase which forms in contact with the
liquid. As a matter of fact in eeveral such runs only the
cubic (tetragonal a% rocm temperature) form is obtained. This
1s explained by assuming that the melt cooled below 1460° so
rapidly that no structure was formed at 211 and that vhen the
material finaily crystallized it did so in the stability range
of the cubic phase yielding cubic crystals.

The other concideration which we regard as being of con-
siderable importance in connection with both the melting and
inversion of Larlum titanate is that of partial reducticn. It

13 undoubtedly true that much of our zquilibrium data, and *“he

—

L A

- - s s e .



O

-4 -

’

data obtained by most workers on various properties, really
apply to phases in the system BaO—TiOa-T1203. It has been
assumed, with some Justificaticn, that the amount of roduction
is small and that it will not noticeably affect equiiibria

in the system. This assumption 1s examined critically in a
subsequent section.

(o) The Melting of Ba0.4TiO,. This problem is not of

great importance as it dozss not make much difference to the
diagram whether BaTiuog is congruently melting or not. Ac-
tually the dlagram presented earlier showed 1t as incongruently
melting, although it was stated that this could not be unequiv-
ocally established. The evidence now, although conslderably
increased in volume, is not much less eqguivscal. Careful runs
made at intervals of a few degrees from 1400° to 1450°C indi-
cated that possibly the BaO.l&Tio2 composition did not dev-"op
liquid t111 1428° + 4° and 1liquid was developed in mixtures
containing 82, 85 and 90% Ti0, at temperatures within the
experimental error range. The only criteria which can be

used to determine the appearance of liquid are observation in
the binocular microscope, and the x-ray diffraction patterns.
Microscopic observations can be misleading, since sintering

at temperatures a few degrees below the liquidus is so pro-
nounced that crystals grow tcgether considerably. Hence

larger single crystals of Bao.l&TiC2 were grown from a 73%

'I‘iO2 mz1lt and also used as starting material. Moreover, all
automatic regulators "overshoot" a little if the sample is
introduced after the furnace 1s at the desired temperature,
hence these runs were repeated and the sarple was introduced

at a temperature some 25°C below the desired temperature.

The furnace was heated up slowly -- the maximum temperature
being carefully observed. It was hoped that if the compound
was incongzruvently melting, by Juenching from a temperature

Just above the melting point it would be possible to obtain
indications cf the presence »f rutlle from the X-ray diffrectio-
patterns. Neither in this, nor in microscopic observati...

was any indication of rutile found. The compound 1s, therefore,
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still shown as melting Just incongruently. This is in accord
with the rough liquidus data which can be obtained on the
strip furnace, but which cannot be relied upon in "non-glass
forming" systems.

(c) The Existence of a Compound of Composition Ba0.2T102.

In our earlier reports we have indicated the possible existence
of such a compound and stated that there were unresolved
questions regarding the area of the diazram near this compo-
sition, between 60 and T70% '102. It 15 now established it .=

a fifth compound does exist in the system -- most probably
with the composition Ba.0.2'1‘10,2 (although the composition is
not certain and may conceivatly be TO% Tioa). The compound?'s
stable existence, in accord with our esrlier datec, appears to
be only at temperatures Just below the solidus. Thus, the
data obtained earliier which showed BaTiO3 + BaT13O7 in
equilibrium for compositions between 50 and 75% Ti0, are
correct at the temperatures for which they were reported.
However, at 1260°C about 40° below the first appearance of
1liquid, the BaT103 and BaT13O7 react to give a new phase.

The same phase is detectable in all the mixtures between 55%
and T0% '1‘102 whichk have been held for a few hours above this
temperature. However, even after 200 hours the conversion 1is
not complete in any of the mixtures, considerable evidence

for BaT103 being found in the powder patterns even in the 66%
and T0% mixtures. This is one reason why it is not possible
to assign the composition of the compound definitely; for if
complete reaction were to take place in a few days, the 66.6%
Tio2 mixture should convert completely to the new phase. ™2
X-ray powder diffraction pattern for this phase is very 'weak"
- undoubtedly due partly to a low multiplicity factor-making
its detection in small quantities altogether impossible. That
this phase 18 stable at the higher temperatures and in the
presence of ligquid 1s easlly established, since melted
mixtures such as those with 63%, 663 and 68% T10,, yield

o crystalllizatlon, awmong otner phases well-Toried crystals
with an X-ray pattern corresponding to that ottained from
the phase formed below the solidus. Theee ~orystals grow very
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easily and in a 3C ml platinum crucible have attained lengths
up to 1 cm. They were carefully separated from the ground-
mass under the binocular microsccpe, and a spectroscopic
analysis revealed the absence of any Pt or other impurity in
excess of a few tenths of cne percent. It was expected that
the compousition could be determined by other considerat?.

but chemical analysis 1s being undertaken to determine thzir
composition directly. Microscopically they are length fast
needles, with parallel extinction, bilaxial negative with

2v = ca. 80°., The X-ray diffraction rattern is guite character-
istic and distinct from the other phases. Furthermore, 1t
should be noted that prima faclie evid—~nce has not been
obtailned to prove that this phase 1s rot the stable phase at
lower temper-atures, aithough the evidrirce 15 mtrongly against
it. Runs of 200 hcurs duraticn failed to convert the crushed
needles into a mixture of BaT103 and BaT1307, although at

the same time mixtures of tarium carbonate and titanila

reacted completely to give the latter assemdblage. In many
instances the failure of such a phase once formed to convert
to the stable asseriblaz> 1s known. Moreover, hydrothermal
runs undertaken for this purpose showed that at 830°C in 7
days the raw batcnes would react to yield cnly BaTiO3 + BgTi3O7.
However, even hydrothermally it was not found possible to
convert the new phase to this assemblage in 5 days at 800°C
and 5000 psi water pressure. The phase relations above the
solidus are even more difficult to determine, since their
compositicn has such a great effect and since several different
invariant points appear to lie within a very narrow range.
Furthermore, in this region the 1iquids when quer.ched do not
yield rhases with X-ray patterns of crystals, although they do
not yield what may be called glasses. Each run in this region
has to be made separately since the highly fluid melts tend

to run out of the cnvelopea. This leads tc the additional
serious difficulty that after the first development of 1liquid
it runs out from around the crystals into the folds of the
platinum envelope, thereby changing the composition of the
body of the sample. Equilibrium could, thercfore, never be

bty 3 wvesrt wvewrsevys § Frevesss ,.-.ll &2 Amn~ M~ ~ivvAaadbdaAanm A WA AandtAcA
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is whether Bao.'aTiO2 melts congruently or whether it melts
in the primary field of BaTiO3 or the field cf BaT13O7. We

| TS SN R . | PR 2 P W 4 & 5
GoPpe U0 Ussids this issus on the basics 2f corcful differnantial

thermal analysis accompanied by the "filtering" of the
mixtures at various tempera*ures.
(2) The System Ca0-T10,-810,
Investigation of this system is nearing completicn and
an up-to-date diagram 1s presented. . In our earlier work we
had wished to avoid the controversy regarding the '1‘102-8102
system, assume that the diagram by Bunting‘“) was essentially
correct, and extrapolate our data towards the binary system.
However, this became impossible becaus= relations found for
the ternary system required a new Interpretation of the binary
system. Work was therefore started cn this binary system and
is reported on in a later section. However, a reconsideration
of one aspect, viz., that of reduction of Tio2 is common to
much of the work that has been done here and is therefore
dealt with first.

(s) The Reduction of Ti0,. All workevs in this field

have reecognized that Tio2 can be reduced very easily although
the extent of reduction in air is quite small at temperatures
below the melting point of T102. Most people regard this
reduced T10, as "a non-stoichiometric" compound, wherein there
are vacant oxygen sites, a property also used to account for
the semiconducting nature of reduced rutile. While this 1s a
useful concept, especilally when clscussing properties which
are essentially hon-colligative and dependent on the outermcst
electrons, it 18 not helpful and often quite misleading when
used in connection with phase equilibrium work. We propose,
therefore, that in such cases the quite general applicabllity
of the phase rule to such compositions be recognized and 1its
standard terminology used. 'The system Ti-0 was investigated
nearly 20 years ago by P. Ehrlich-”) who recognized at least

__________ Y. 292 &--
v

the folleowing compounds: TiO, T1203, T1305 and T102. The
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same phase in all these cases was found to exist with compo-
sitions both richer and pocrer in oxygen. Agamawi and
White(s) thought that the T13O5 conpound was not as well
established as the others. However, the extzansive work by
Rusakecv and Zhdanov(7) on reduction of TiO2 and the for. . 'n
cf anosovite, Tioa.T1203 establishes it beyond any doubt.
From the phese equilibria point of view, the system Ti-0
would be described as one having four compounds each with
considerable s80lid solution on both sides of the compound.
There 1s no need whatscever to regard the "reduced" Ti0, case
as exceptional in any way. It is simply a solid solution of
T10, towards T1203 (or contalning more Ti than T%Og). Thermo-
dynamic calculatlions »y Kubaschewskl and Evans have shown
that very low partial pressures of oryzen ct the order of
10"5 mm. of mercury would be required Iur the ccrmplete re-
ducticn of '1‘102 to T1203. This, of course, does not provide
us with ay quantitative baslis for predicting the extent of
reduction or, in other words, the composition of the solid
solution in equilibrium with partial pressures of oxygen of
the order of 150 mm. of Hg or perhaps considerably less in a
crucible or well-sealed platinum envelope. Some indication
of the actual extent of reduction under approximately similar
conditicns as those used in these experimer.ts may be obtained
by studylng the loss in weight of the original mixtures 1
fired to a certain temperature for a certain length of time.
A similar approach was used by Agzamawl and White (op. cit.)
who heated T10, to 1550°C and found a loss of approximately
0.785% of which 0.28u4% was lcst below 500°C and was attributed
by them to louss <f volatiles. The amount of the loss which
could be regained on ccoling was, however, only .025%. They
make the unwarranted assumption that this 1s the only part
that may be attributed to oxygen loss. No attempt wz2s made
to bring the ‘1‘102 in the platinum crucible into equilibrium
with the surrounding atmosphere and it is hardly likely that
powdered '1‘102 in the bottom of a crucible could be expected '«
come to equilibrium with the atmosphere above the top of the
powder urder static conditions. We have studied the welght

-+ sh il i i |
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loss of ten mixtures on the T102-8102 Join and the percentage welr

igss for the hish tiftonis mixmturss 13 2of the some order of
magnitude as that reported by Agamawi and White (op. eit.).

If T10, were completely reduced to 'r1203 1t would lose 10%

of i1ts weight; the above authors found a weight loss at ©  .°C
of approximately 0.785% and after deducting volatiles lost
below 500°C give a value of ca. 0.5%. Our welght loss for

the 90% '1‘102 mixtures was 0.7% at constant weight; this does
not include the loss of volatiles which we find to be of the
order of 0.2%. If we estimate the percentage of T1203 required
to give these amounts of loss we obtain a magnitude of approxi-
mately 5% '1‘1203 present in the Ti10,. This is by no means
inconsiderable in any consideration of phase equilibria. This
estimate 1s based on the assunption that most of the lcss 1is
actually due to tie loss of oxygen. There 1s a 1little Justi-
fication for this insofar as we have found that, under

similar conditions of heat treatment, cther mixtures in

various oxide systems including the ternary system
CaO-'I‘102~SiO2 and the quaternary system CaO~MgO-A1203~Sio2

lose approximately 0.25% or less of a 10.00 gm batch. Losses
significantly and consistently greater than this are only
found in the high TiO2 part of the system. The possibility
remains, of course, that Tio2 itself volatilizes, i.e., that
both Ti and O are lost but, excepting this, one must cor~’ "»r
the conclusion that the reduction is of such an order as to
vield a few porcent of T1203. Thus investigaticns of the
svstems 'I‘102-~Sio2 under atmospheric conditions and the usual
quenching technique may very well be really an investigation

of a Join in the ternary systcm T102-T1203-Sio2. However,
because of the complete solid solution relationships apparently
obtaining up to these compositions, none of the relations will
be very markedly changed as far as phase equilibria go. Our
views of structural and color changes of phases may be affected
by these considerations. Thus, the well-krown "yellow" and
"black" types of BaTiO3 may find an explanation along thece
lines, and it may also have scme bearing on the metastable
appearance of the hexagonal polymorph.
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3 plot of refrasctive indices of glasses in the aystem
CaO-T102-8102 is shown in Fig. 2, and an up-to-date equilibrium
diagram is shown in Fig. 3. The data were obtaired from 128

mixtures, most of which are plotted on the diagram.

(b) The System T10,-§10,. At least five versions of this

system are now avallatle (4, 9, 10, 11, 12). These are -~ .. a
in Fig. 4. The Umezu~Kakiuchitlo) version, which antedates
all but Rieke's dilagram was founcd in an cbscure Japanese
Journal. Since the dizgrams of Zogatslill and Ricke are
gimilar, only Rleke¢'s is shcvn. The discrepancies, particu-
larly in the location of the eutectic, are extraordinary. The
introduction of a two liquid region in the Japanese worker's
dlagram 18 significant in view <f the Targe two 1iquid region
found in the terniry gystem CaO~T102~8102. A se~ies of
mixtures made in our laboratecry on the binary system show a
similar rhenomenon over the range of at least 30% - 85% T10,
at a temperature of 1800° t 30. C. (a slightly greater range
than Umezu and Kaltiuchi‘*s 42.5% - 80%). The rather flat
liquidus defining the 1utile field in Buntirg's diagram 1s not
incompatible with such a representation.

The present data from the ternary system CaO-T102-8102
(Fig. 3) are not compatible with either a eui2ctic at about
lTe) 2 Ti0,, according to Rieke and Bogatskii(;]), or with one
at 85% T10,. a8 in the lapanese dilagram. The temperatures of
the la‘ter disgram seem much too low also. The hign temp--.-
tures involved, the fact that most liquids near the T102-8102
side of the diagrzm do not qaench to glasses and the possible
consequences c¢f rcduction (previously discussed) zll have to
be contended with here,

It is possible for pufposes of discusegion to cconstruct
a theoretical, ‘not-impossible” diagram or the system
T10,-840,-T.04 (Lergely by anaology wita A1?O3~T102-8102(6) )
whizh might b2 ths bazis of an explanation of the dlgazree-
ment existing for the binary system T102-8102. If it 1is
assumed that the high Tioe mixtures all contain some T1203,
these systems may be siiown as joins in the ternarv -ystem
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(Pig. 5). Thus the work of Umezu and Kakiuchi, which was
done admittedly unaer strongly reducing conditions, might
be well into the ternary system (Jjoin 1, Fig. 5) thus ex-
plaining the low temperatures and the smaller range of two
liquids since the two liquid region might be expected to
diminish. Their placing of the eutectic is not so easily
explained. The eutectic of Rieke and of Bogatskil (Jjoin 2)
may well be one limit of the two liquid region. Fhotomicro-
graphs shown by Bogatskii(ll) are susplclously like the
phenomenon which we call two liguids.

It may be advantageous to review the phenomenon we have
teen calling "two liquids". This effect occurs in all of
the mixtures in the ternary system enclosed in the area
marked by long dza«.es (see Fig. 3) and in the 309 - 85% T10,
mixtures on the Linary systen Tiop~81CQ. It 1s characterilzed
almost invariably by the separatiSn of a clear glass and
devitrified glass. On the strip furnace the devitrified
masses -~ apparently as the result of high fluidity --
surround the clear glass. On melting a mixture in a crucible
a seperation takes place alsc. If the mixt:re is crushed
and remelted, the sa2paration tal~s plac> again. After
quenching the crucible and melt, the center portion -- v: ly
a blue glass in dbulkx --- can be easily separ=ted from the gray
crystalline izass arouréd it. This can and will be used to
advantaze. Such a seperaticn with subsequent chemical
analysis should give the econclusive proof of a two liquid
reglon -- 1f such exists -- because the tie lines representing
the composition of the two liquids in equilibrium can then be
plottel. If this phenomenon 1is not that of two liquids
separa-ing, 1t is one deszerving of explanation.

(3) The System Ba0-T10,-H,0

In cornsiderations of zrowth of single crystals of BaT103
of sufficient size to be industrially valuable, two methods
stand out. One of these, the growtnh {rom melts, (usually in
the presence of other phases to lower the temperatures
necessary) has been investigated extensively: the other method,
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that of growth under hydrothermal conditions has also gained
some attention recently because of its success in the case of
quartz. We have made reference to our work on this problem
in earlier reports and, undoubtedly, this method has been
attempted by people interested in growing large crystals of
BaT103. For the successful hydrothermal growth of these
crystals the following information will be necessary:
(1). Are BaT105 and H,0 compatible phases under

the conditions which may be used for the synthesis of th 3
phase? If not (while it 1s possible to foim phases metastably)
these conditions would hardly be considered the best for the
growth of large single crystals of BaTiOS.

(11). 1s BaT103 appreciably soluble in water at the
temperatures used?

(111). I3 there a sufficient difference of solubility
with temperature in order that a temperature-gradient method
may be used tc grow the crystals.

A complete answer to the first point would be obtained
from a knowledge of the system BaO-TiOQ—Hao. In Fig. 6 we
represent the compounds in the system as circles along the
edges of a composition triangle, there being nc hydrates of any
of the barium titanates (to the best of our knowledge up to
the present). We are interested in knowing whether the join
BT-H 18 stable, say between 200° and 500°C; if it is, it 1s
qulte likely that the phase assemblage will be quite similar
to that shown in tne (a) part of the figure. The other 1likely
possibility is that at some temperature BaTiO, will react with
water to yleld either rutile + Ba(OH)2 or Ba(OH)2 with BT,
BT3 or BTu. The consideration of the system is complicated
by the ract that both the Ba(CH)2 and Ea(OH)2.8H O melt at
these temperatures and may form liquids only partially
miscible with water. Our earlier data showed that BaTiO3 was
stable in the presence of water at least sa 1nw ab BOANCC
although it could not be formed from Baco3 + T102 at tempera-
tures below this value. The more recent data showed that
BaT103 does not decompose 1n“§he presence of water under any
static conditions that have been used (in times less than twc
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weeks) at temperatures as low as 200°C. Moreover, Ba(OH)2
reacts vigorously with titania at 420° under low water
pressures (less than one atmosphere) to yleld BaTiO3 4 H,0.
The same reaction takes place at temperatures as low as 300°C
and shows clearly the direction of equilibrium at these low
water presswes. It would, therefore, appear that BaTiO3 is
stable in the presence of water down to room temperature. A
few more runs will suffice to establish this positively.
Furthermore, by studying the melting of mixtures, the Jjoin
BaTiO3--33a(OH)2 has been demonstrated to be a stable one at
low water vapor pressures and is not likely to be affected
by water pressure. In this connection, it is interesting to
point out that thre system Ba(OH):_?-BaTi.’)3 th:s providses a
pcssible, not practical, system for th= growth of BaTiO3 in
a very low temperacure range from say 700°C to LuD°C -- the
approximate eutectic. We arec not equisped to determine
accurately the solubllity at elevated temperatures and
pressurcs (our vessels reing too small) but very crude de-
terminations yield values*indicating a solubllity of the
order of approximaiely 500 ppm in distilled water at 270
and the satwrated vapor pressure - the valu. protably de-
creasing slightly at 370°C and 4000 psi. Thus, it would
appear that the attempted hydrothermal growth of BaT103
should cve straightforward, using BaTiO% as suvertirg material,

and a temperiature gradient method. The material obtained 1is,
of cowrse, the cubic (tatragonal at room teinp.) pnace; some
interesting changes in intenaities of the X--ray reflections
have baen noticed. The solubility of the compound may
provatly Pe increased by various additions, but tne findamental
study of these is much more ccmplex and tedious than in the
case of a one comporent system such as 8102.

*These valu:s are rendered inaccurate by the redeposition
of material on cooling, and the rather high solubility of
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(c) The Effect of CO, on BaTi05. It was reported to us
£\
by several people and has been noted in the literature‘*-’/

that commercialily prepared BaT103 contains BaCO3. It has
been suggested that possibly the BaT103 reacts with the CO2
of the air to yleld the carbonate and thus the reaction

BaCO3 + TiO2 3 BaTiO3 + CO2

which is used to prepare the compound proceeds from right to
le}t. The only poéitive evidence for the existence of the
carbonate is given by Sutherland et. al(ls) from the infrared
spectra of some commercilal samples. It has not been reported
that any BaCO3 may be detected in the X-ray diffraction
pattexrn. We have not been able to find any BaCO3 in our
samples either by (-ray diffraction or by infrared absorp-
tion techniques (vide infra). To test this idea of the
reversibility of the reaction further, BaT103 was heated at
400°C under about 5000 psi of 002. No detectable amounts
(using X-rays) of the carbonate was formed. The experiment
was repeated at 67°C (3000 psi 002) since 1t was argued that
the higher temperature would favor the reaction from left

to rignt. Again no appreciable amounts of carbonate coul<

be found. It is, therefore, most probable that any BaCO3
which 18 detected in commercial samples 1is prvesent merely

as unreacted material.

(4) The Syst=m BaTiq;:‘:iaNbO2

Work on this system has progressed slowly. Two

objectives were in view: firstly, to obtain at least in broad

outline the phase diagram, and secondly, to study the effect
of solid solution on the various inversions. This latter
would have special significance since the most interesting
inversion is that at 636°C. WOod(lu) made the rather re-
markable claim that NaNb03 behaved as a tetragonal crystal
toward light and a cubic crystal towards X-rays in the range

hrn® _ EhN° fthaw vralvwsas ) WA vy 15 PATTAwdnrs ¢hds
v = vae \dswa TuawLw e 3 =122 AaVasaviaiing wvieaw

calls NaNb03 cubic above 470°. This, of course, leaves
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the inversion at 636° as some kind of anomalous second order
ertrect. However, we have found it to be a large definite
heat effect appearing consistently and through several cycles
of heating and cooling at the same temperature. There 1is no
reason to suppose that this is any other than the true
tetragonal-cubic inversion in NaNb03. The next lower
inversion 1s apparently to some form which 1s strongly
pseudo-cubic. The question then arises, which 4. -ersion,

f any, corresponds to the BaTiO3 inversion at 120°C at
which terroelectricity is 1lcst. It was hored that the phase
diagram may provide some clue to this - especlally if the
inversion temperatures formed a simple solid-solutlion type
of relationshlp. Unfertunately, it tecame obvious quite
early that this was not so, since cubiz or anearly cubic
solid solutions of BaTiO3 in NaNbO3 cculd b2 obiained at
room temperature in the compcsitlion range of approximately
30% - €04 BaTi0,. Moreover, high-temperature X-ray diffrac-
tion studies on“the Geiger counter spectromater type equip-
ment had an inversion range below 120°C an¢ was assigned the
value of 100°C fcr the middle of the invercion range. How-
ever, the patterns are very much poorer and the changes much
iess snarp than in the endmember; part of this being accounted
for by the breadth of the two-phase region in the binary
sysatem - a recion in which the tetragonal aad cutic forms
exist togethor in equililbrium. 1In the high temperature
region ﬂaNb03 melts at about 1440“C and the system forms a
series of solid solutions with a minimum at approximately
38% Na'T»05 and 12320°C. The cther observation of interest in
tals s7stem 13 the fact that we were at first puzzled To
find n» evidence of superstructure in our NaNbO3 as reported
by earlier workers. It was later found that the non-super-
structure form could be "gquenched" aui*e easilv if the ¢ ‘e
was cooled rapidly from its melting point. This form
persists metastavly at room temperature for apparently
indefinite periods, but on “annealing" at 300° - 700°C and
cooling slowly it develovs the characteristic superstiucture.

remm—’
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(5) Multiple Substitutions in the Perovskite Structure

This study, reported on in our First Annual Report, is
essentially complete and a manuscript is currently being
prepared for publication. Some additional work has been
done with the attempted syntheses of more oxide, hydroxide
and fluoride-oxide combination structures. No data will °
presented at this time since we hope t> attiach a copy of the
manuscript to the next report.

(6) Hurothermsl Tnvestigation of Equilibria in Trivalent
Oxide-Water Cystens

The system In203-H20 has been essentially completed.
Three Jdistinct t.ases occur in the syctem: the annydrous
oxide with the (C-tvpe rare earth cxide structure, a nev,
hitherto undescrited compound In203.H205 and the cubic tri-
hydrate In(OH)3. The pressure temperscure diagram for this
system has been determined and is shown in outline in Fig. 7.
The monohydrate is formed from the trihydrzte at 250°C at
1000 psi and 265°C at 16,000 psi, and the slope is quite
probably steep at lcwer pressures. The monchydrate trans-
forms to the oxide at approximately 450°C, -=e temperature
being little affected by piessure. + should be noted that
especially for the first of these univariant curves the actual
runs shiowed the presence of both the monhyd-ute and trihydrate
over a range c¢f temperatures. Tnis we ascribe to the non-
attailrsient of equslibriam, the irreversible nature of the
change, and the fluctuations in temperature. The unit-cell
dimencions of the In(OH)3 was found to be 7.95g in fair
agreemcnt with earlier valucs which vary from 7.5C to 9.95.
Ir sucn a case the purity of the oxide will play a very
important part in actual value: our matverial was sold as
99.9% InQO3 but not analyzed by us. Thre patte~n for In203.320
is not rela‘ed tu any ol the other mononydrate struchurecs
krown. The Ltoehmite structure is ruled out since apparer 77
¢ accummcdated in L%,

o
in studies of the tarnary

aluminum is the lcvgest lon wnicih ?n

¢
as shown by Hill, Roy and 03born\l6
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system A1203-Ga203-H20. Diaspore appears able to accommodate
ions from Al~° through ga>t to Sc3+ (vide infra), but
apparently will not acconmodate one Jjust larger than Sc
It is more surprising, however, that neither the Y2 3.H2
structure nor the L3203.H20 structure 1s assumed by InQOR.HQO.
The difference of polarizabllity between the noble gas ¢ . .ns
Y3+ and La3+ on the one hand and In3+ on the other probably
accounts for this and should be reflected in the tendency to
hydrogan bond {ormation.

In the system Sc,0 -Heo*we have not been able to
duplicate any of the earlier work. Thus, Fricke and Seitz
claimed to have obtained a compound Sc(OH), at 160°C in a
silver crucible from & 12 N NaCH solution ;n an autoclave.
Working under ess>ntially the same conditions we have
obtained no evideuce for the fcecrmaticn of this compound. In
distilled water we are unavle to obtain any crystalline pnase
whatscever below approximately 250°C. Above this temperature
we obtain a structure which corresponds apparently to a
greatly enlarged dlaspore structure. This appears toO bLreak
down at about 375° (at 10,000 psi) to yield the oxide, Sc203.

One of the difficulties in working with substances such
as BaT103 and its homologues 1is that the precise identifica-
tion of phases is quite difficult. The petrographic micro-
scope is virtually "neutralized" because of the very high
rafractive indices; and very often (as has already been = “ed
in the case of NaNbOSQb X-ray pcwder diffraction patterns
may not yleld sufficiently precise data. The infrared spectra
of two other comgounds, sillimanite (A1203.8102) and mgllite
(3A1203.28102), have been reported in the literature(18) ang

3+

(17)

*Spect*oscopic analysis (kindly performed by H. L. Lovell)

of the Sceo (claimed by the manufacturer to be 99.9%
S N ~la
uve 3[ e &VI'V\..
Ce, Y, Al - absent
La - doubtful, aoi 2xceedine 0.1%
Cr - .0ONOX%
Si - .COOx%
“8 - oOOOﬁ
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appear quite different. However, tnese two phases have very
similar X-ray diffraction characteristics. It was hoped,
therefore, that perhaps inilrared spectra may provide a rapid
method for the identification of phases differing very slizhtly
from each other. A nore thorough investigation of the dis-
tinction between mullite and sillimanite was carried cut,
using three different samples of sillinanite from well known
localities, and three samples of mullite (one consisting of -
electrically fused single crystals, another formed by heating
kaolinite to 1400°C, and the last prepared hydrothermally).
Both the method of muliing a fine dispersion in Nujol and of
scdimenting and evaporating a fine fraction from an alecohol
suspension (see Lcuner(lg ) were used. A ncte 1s beirng
prepared for pukbiicaticn describirnz these results more fully.
The patterns were distinct ard renroducible, demonstrating
the possible usefulness of the method in similar cases.

Spectra were therefore obtailned for various prepar. . a8
of BaTiOR (bcth hexagonal and tetragonal). They were similar
to those shown by Sutherland (op. cit.) for "typical BaTiO,",
except for the fact that no carbonate impurity could be
detected in these samples. No pronounced aboorption bands
are visitle except for those near the 15u region. It was
hoped that NaNb03 would prove to be sufficlently different to
yield a charzcteristic spectrum in this region anda permit
identification of s0lid solution n:embers of intermediate
composition. This was not found to be the case. Further work
on similar compounds is contemplated, our a2im only belng to
search for a crude qualitative distinction.

We were privileged to have Ir. A. F. Moodie of the
Council for Scientific and Industrial Research, Melbourre,
Austraiia associated with the laboratories of the School for
a flow WeeKD. (1E JUUIVUULEd UD LU UIHE  LECISIlgues did pussibill-
ties of single cryatal electron diffraction studies. Very
marked success was obtained with natural and synthetic clay
minerals, illustrating the abundance of, and relative ease
with which, single crystal data may be obtained for such
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structures. In attempting to apply the technique to
compounds of interest to this project we were not so
fortunate since the GaAlO3 and the tetragonal BaT103
did not yield any satisfactory patterns, and, indeed;
behaved peculiarly in the beam. The GaAlO3 appears
to interact with the beam and "disintegrate". It has
been suggested by de Bretteville (cited by Sutherland,
13) that the possibility exists of a strong absorption
in the infrared spectrum of BaTiO3 vhich would enable
1t to zbsorb enougn energy to convert to the cubic
modification. A somewhat similar case has been

‘estab]ished(zoj for the perovskite CsAuCl3 under the

electron beam. Zarge particles show single crystal
patterns of tetrzgnnal symmetry, whereas the fine't
particles 3spparently absorb enough energy from tne
beam to yleld powder patterns which are cubic. The
effect is srparently rnot attributable to heating. We
had hoped to investigate the same phenomenon in BaTiO3.

IX. CONCLUSIONS

A ccentinuation of the determination of phase
equilibria in the systemsa BaO-TiOa, CaO-TiOQ-Sioe,
BaTiO3~NaNbC3 is repcrted. Hydrothermal investigation
cf phares acd relations in the systems In203~H20 and
80203~H20 as well as EuO-TiOerHQO hae been continued,
the latter giving an indication of the conditions
necessary for hydrothermal synthesis of BaTiO3. Recent
investizations with infrared absorption spectra and

single crystal electron diffraction are recoried.

III. PROGRAM FOR THE NEXT QUARTER

It 12 hoped to have scveral of the investigations

reported on here in manuscript form during the next three

months. The determination of equilibrium diagrams will

concern those systems which involve BaT103 as one endmember.
Work on the hydrothermal stability of the micas which has

—
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been done extensively on another project in the low
temperature region will be attempted at higher tempera-
tures where the equipment problem is much greater. The
possible application of infrared and single crystal
electron diffraction techniques will be explored further.

IV. IDENTIFICATION OF TECHNICIANS

No changes in personnel were made during this
quarter,
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